Introduction
Carbonaceous sedimentary rocks are commonly enriched in redox sensitive trace elements, relative to average crustal abundances (Hu and Gao, 2008; Turekian and Wedepohl, 1961) , including selenium (Se), arsenic (As), molybdenum (Mo), uranium (U), copper (Cu) and tellurium (Te). These elements are either of environmental concern, or economic importance, with Se, As, Mo and U considered environmentally hazardous in elevated concentrations (Bajwa et al., 2017;  1. Assess the trace element concentrations of the Carboniferous shales of Western Ireland and their mobility at surface through geochemical and petrographic analysis of in-situ bedrock and weathering deposits. 2. Assess the processes controlling fixation of trace elements during black shale deposition and the formation of oxidised surface deposits, focussing on enriched mineral phases. 3. Identify and discuss any wider environmental implications of this study in relation to trace element mobility during induced hydraulic fracturing of black shales and acid mine drainage remediation.
Geological setting
The Carboniferous (Namurian) Clare Shale Formation (Shannon Group) consists of finely laminated, pyritic, deep marine black shales, deposited 326.5-318.5 Ma (Menning et al., 2006; Wignall and Best, 2000) . The black shale sequence is up to 180 m thick at surface, (Tanner et al., 2011) , with a maximum observed thickness of 280 m in the 'Doonbeg No 1' drill hole, Co Clare (Goodhue and Clayton, 1999) . The Clare Shales are underlain by Visean limestones and laterally transition into the overlying, sand-dominated turbidite sequence of the Ross Formation, both of which act as productive aquifers in the region (Gallazzi, 2012) (Fig. 1) . The Clare Shale outcrops on the west coast of Ireland, with sections readily accessible at Inishcorker (Co. Clare), Fig. 1 . Stratigraphic log of West Ireland Namurian strata. After Collinson et al., 1991; Goodhue and Clayton (1999) ; Jones and Naylor (2003) ; Nolan (2012) ; Rider (1974) ; Tanner et al. (2011) ; Wignall and Best (2000) .
Ballybunion and Nun's Beach (Co. Kerry). Further south, in the neighbouring Munster Basin, laterally equivalent and comparable Namurian pyritic black shales of the East Point Formation outcrop at Whiddy Island (Co. Cork). (Fig. 2) .
At these four localities, groundwater seeps within coastal cliffs of black shale coincide with the occurrence of modern orange-yellow ironoxide mineralisation on the surface of the black shales ( Fig. 3 ). This mineralisation is up to 30 mm thick, exhibiting textures and geometries indicative of mineral precipitation from solution, rather than in situ weathering of the underlying shale, which may form a minor component of these deposits. Previous studies have shown the potential for oxidised ochres to become enriched in trace elements that are mobilised from weathering shale bedrock, particularly in the case of acid mine drainage (AMD) (Bullock et al., 2017 Parnell et al., 2018) .
Methodology

Sampling and preparation
Samples of unweathered Carboniferous black shale and associated precipitates (Fig. 3) were taken from four localities on the west coast of Ireland; Ballybunion Bay, Nun's Beach, Inishcorker Island and Whiddy Island (Fig. 2) . Samples of secondary mineralisation were dried in an oven at 50°C for 24 h. Representative pieces of shale and secondary mineralisation were crushed using a tungsten tema mill until finely powdered (< 64 μm) for bulk geochemical analysis.
Trace geochemical analysis
Samples of black shale and precipitate were analysed for their bulk elemental composition by method ME-MS41 at ALS Laboratories, Loughrea. 0.5 g of powdered sample was partially digested on a heating block in a solution of aqua regia. The solute was subsequently neutralised and diluted to the required concentration using deionised water before being analysed for elemental abundances by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and inductively coupled plasma-mass spectroscopy (ICP-MS). Inter-elemental interferences were accounted for in the analysis. This method does not fully dissolve silica phases within samples and should not be considered a whole rock digest, but represents full dissolution of all other mineral phases. This method is highly effective for the analysis of organic and diagenetic mineral components, whilst removing any trace element enrichment effect by detrital silicate input (Xu et al., 2012) .
Major element analysis
Major elemental analysis was performed on samples of secondary mineralisation at ALS Laboratories, Loughrea using ALS fusion disk XRF analysis method ME-XRF26. 0.66 g of crushed sample was fused using a platinum mould into an XRF fusion disk, using a 12 : 22 lithium metaborate: lithium tetraborate flux, with a lithium nitrate oxidizing agent. The disk was then analysed by XRF spectroscopy and total concentrations for major elemental oxides were determined for each sample in conjunction with loss-on-ignition analysis at 1000°C. Analytical accuracy was ensured by analysis and calibration using blanks and certified standards 629-1 (EURONORM-ZRM), GIOP-102 (Geostats PTY Ltd), SARM-32 (MINTEK), SY-4 (CCRMP).
Total organic carbon (TOC) and total sulphur (TS)
The total organic carbon (TOC) and total sulphur (TS) contents of the powdered samples were determined using a LECO CS744 at the University of Aberdeen. Total carbon (TC) and TS concentrations were identified by combustion analysis of 0.1 mg powdered sample, using an excess of tungsten and iron chip combustion accelerators. To determine TOC, inorganic carbon was removed by dissolving 0.2 mg of sample in an excess of 20% hydrochloric acid (HCl), producing a decarbonated sample fraction. Decarbonated samples were subsequently analysed for TOC using LECO combustion analysis.
Certified LECO standards were used to produce a multi-point calibration daily before sample analysis. Background C and S contents were accounted for using blanks and subtracted from final values. Each sample was analysed in duplicate and an average calculated to account for any analytical variability. Real standard deviation (RSD) values were calculated for each sample to ensure analytical precision. Where RSD values exceed 5%, samples were reanalysed in duplicate.
X-ray diffraction (XRD)
Powdered samples were analysed for their bulk mineralogy using XRD analysis. Samples were analysed at room temperature using a PANalytical Empyrean diffractometer using a Cu Kα1 source (λ = 1.54059 Å). Diffraction patterns were recorded between 5 < 2θ < 80°with a step size of 0.013°.
Sulphur (S) isotope analysis
S-isotope analysis was conducted at the stable isotopes facility at SUERC, East Kilbride, using standard extraction and analysis methods (Robinson and Kusakabe, 1975) . Bulk powders of crushed precipitate and pyrite extracted from black shale samples were analysed for their Sisotopic composition. 5-10 mg of each sample was heated to 1100°C in a vacuum line with an excess of copper(I) oxide (Cu 2 O) to convert all available S in the sample to SO 2 . Using condensation and pentane traps, the SO 2 gas fraction was isolated from all other extraneous gas phases (N 2 and CO 2 ). The SO 2 fraction was subsequently analysed for 34 S and 32 S concentrations using a VG Isotech SIRA II mass spectrometer. The mass spectrometer was calibrated using four reference standards Gardiner and MacCarthy, 1981; Williams (2000) . Sample locations; I = Inishcorker; N = Nun's Beach; B = Ballybunion; W = Whiddy Island. composing sulphides and sulphates; SUERC internal standards CP-1 and BIS; international reference standards NBS-123 and IAEA-S-3with a reproducibility of < 0.2‰ for each standard. The δ 34 S for each sample was calculated relative to the Vienna-Canyon Diablo Troilite (VCDT) reference using standard corrections.
Field emission gun-scanning electron microscopy (FEG-SEM)
High-resolution image analysis was performed at the University of Aberdeen ACEMAC Facility using a Zeiss Gemini field emission gunscanning electron microscope (FEG-SEM) on polished blocks of black shale and secondary oxide mineralisation. Samples were carbon coated and analysed at 20 Kv, with a working distance of 10.5 mm. Samples were analysed using Oxford Instruments EDS x-ray analysis to assess their mineralogy and any trace element enrichments of > 1%. Unpolished samples of secondary mineralisation were analysed using secondary electron analysis to image growth textures.
Laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS)
Trace element distributions across sample surfaces were analysed using spatially resolved laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS) at the University of Aberdeen Trace Element Speciation Laboratory. Cut sample surfaces were prepared by flattening and polishing using carborundum and alumina polishing compounds. Analysis was performed using a New Wave laser ablation system UP213 nm using an output of 1 J cm 2 , 10 Hz repetition rate and linked with an Agilent 7900 mass spectrometer. Ablation was performed in a gridpattern across the sample surface with a round ablation spot size of 100 μm, a line spacing of 100 μm and a 50 μm s −1 ablation speed. A 15 s warm-up was applied before ablation start and a 15 s delay was applied between each ablation line. The following isotopes were monitored (dwell time): 57 Fe (0.001 s), 65 Cu (0.001 s), 75 As (0.05 s), 78 Se (0.1 s), 82 Se (0.1 s), 125 Te (0.1 s), 126 Te (0.1 s). Parameters were optimised using NIST Glass 612, to obtain maximum sensitivity and to ensure low oxide formation. The ratio 232 Th 16 O+/ 232 Th+ (as 248/232) was used to assess oxide formation and maintained under 0.3%. A reaction cell was utilised to remove selenium analysis interferences using hydrogen gas. The international sulphide standard MASS-1 (USGS, Reston, VA) was used for quantitative sample calibration prior to analysis. See supplementary data for detection limits and analytical uncertainties.
Element concentration maps were produced using SigmaPlot for Fe, Cu, As, Se and Te in pyritic black shale samples, illustrating the quantitative concentration variations across sample surfaces.
Results
Bulk geochemistry
Bulk analytical results for black shales and secondary mineralisation are summarised in Table 1 . See supplementary information for comprehensive geochemical results, detection limits and analytical uncertainties. Average shale and upper crustal concentrations for the elements are given, with ratios calculated for Irish Carboniferous Shale/ Average Shale and Regolith/Upper Crustal Average. Average concentrations of cadmium (Cd) (1.99 ppm), cobalt (Co) (158 ppm), Mo (59.3 ppm) and Se (31.6 ppm) for the Carboniferous shales are substantially higher (> 10 times) than average shale values. Average concentrations of As (24.5 ppm), Cu (137 ppm), Te (0.19 ppm) and U (9.52 ppm) are > 2 times higher in Carboniferous shales than average shale values. Average TOC concentrations for the black shales range from 2.87 to 8.05%
The dominant major oxide phases composing the secondary mineralisation are Fe 2 O 3 (40.9%), SiO 2 (23.7%), SO 3 (15.6%) and P 2 O 5 (4.2%), though proportions of these phases vary between sample sites. There are significant differences in trace element concentrations between the underlying parent shales and the surface oxide mineralisation. Average As concentration (218.1 ppm) is 9 times higher in the secondary mineralisation than the parent shales but is highly variable between sample sites (65.9-447.7 ppm). Average Cu (534 ppm), chromium (Cr) (57 ppm), U (42.9 ppm), and vanadium (V) (397 ppm) are 4-6 times higher than those in the average parent shale. Average concentrations of Se (60.1 ppm) and thorium (Th) (8.5 ppm) are 2 times Table 1 Summary bulk analysis data for shale and regolith (secondary mineralisation) samples. Average upper crust and average shale values given for comparison (Hu and Gao, 2008; Rudnick and Gao, 2003; Stüeken et al., 2015a) .
Locality Lithology
No. of Samples
ME-MS41
Ballybunion Bay 
Ballybunion Bay higher than those in the parent shale, though Se concentrations are highly variable (23.5-114.0 ppm). The average thallium (Tl) concentration (5.09 ppm) of the oxidised deposits is 9 times higher than in the upper crust and > 20 times the Carboniferous shales, though this is due to anomalously high concentrations of Tl at Ballybunion. Other Irish sampling localities do not show comparable enrichments of Tl relative to the parent shales. Other trace element and base metal concentrations (Cd, Mo, Ni, Pb and Te) are similar in concentration or less than that in the parent shales. TOC concentrations within the secondary mineralisation average 0.67%, which is approx. 10% of that found in the parent shales, though values range 0.22-2.31% in all samples.
Sample mineralogy
SEM analysis of the Clare Shale shows that samples are abundant in pyrite and organic matter, with discrete phases of chalcopyrite (CuFeS 2 ) and sphalerite ((Zn,Fe)S) present within the pyrite (Fig. 4c ). The composition of quartz, albite, muscovite, biotite, chlorite and pyrite (framboidal and euhedral) is typical of a standard deep marine shale ( Fig. 4d ). No other discrete trace element mineralisation was identified.
XRD analyses of the secondary mineralisation indicate that the dominant mineral phases in all analysed samples are goethite (FeO (OH)), jarosite ((H 3 O)Fe 3 (SO 4 ) 2 (OH) 6 ) and quartz (SiO 2 ), with minor amounts of gypsum (CaSO 4 .2H 2 O). Mineral d-spacing values identified; goethite (3.4 Å, 2.7 Å); quartz (3.3 Å, 1.8 Å, 2.3 Å); jarosite (2.3 Å, 3.1 Å, 5.1 Å, 2.0 Å, 1.8 Å); gypsum (7.6 Å). See supplementary data for labelled XRD spectra.
SEM backscatter and EDS analysis of these deposits identified variable concentrations of phosphorus (P) within jarosite mineralisation ( Fig. 4 ). No other P-bearing mineral phases were detected within the secondary mineralisation. The major mineral phases identified were detrital quartz, Fe-oxide (goethite) and jarosite, which coincides with XRD analysis. Minor gypsum mineralisation was also identified. Secondary SEM imagery of unpolished samples shows three-dimensional mineral growth textures (Fig. 4a ). Discrete layering of oxide mineral phases is evident in backscatter imagery (Fig. 4b ).
S-isotope analysis
The sulphur isotopic compositions (δ 34 S) of the pyrite within sampled shales and the associated secondary sulphate (jarosite) deposits are given relative to the VCDT standard ( Fig. 5 ). All shale pyrite values are negative, while the corresponding jarosite mineralisation has a consistently lighter sulphur isotope ratio than the parent shale pyrite. δ 34 S values for other potential sources of artificial and natural sulphate are shown. The δ 34 S ratio for Namurian seawater sulphate was approximately 15.8‰ (Kampschulte and Strauss, 2004) .
LA-ICP-MS analysis
Laser ablation maps ( Fig. 6a & b ) of the Carboniferous shales show the trace element enrichment zones for Se and As. Sulphide mineralisation is indicated by areas of increased iron (Fe) concentration. Se, Cu and As enrichments are closely associated with sulphide mineralisation in all samples, though Cu enrichment is inconsistent between sulphides. Te enrichment is not associated with the sulphide mineralisation and is distributed as discrete inclusions < 100 μm throughout sample matrix. (Table 1) . Concentrations up to 10 times higher than average shale are observed for As, Cu, Ni, Te and U. Concentrations > 10 times higher than average shale are observed for Cd, Co, Mo and Se. Trace element abundances for As, Se and Mo are comparable to those in the laterally equivalent Bowland Shale, Northern England (Parnell et al., 2016) , though all are slightly elevated in the Irish shales. For example, average Se and As in the Bowland shale are 21.1 and 22.8 ppm respectively, whilst in the Irish shales they are 31.6 and 24.5 ppm respectively.
Discussion
LA-ICP-MS analysis maps ( Fig. 6a and b) show homogenously elevated concentrations of the redox sensitive trace elements Se and As are present within pyrite in the Carboniferous black shales, indicating anoxic conditions during deposition or early diagenesis. Discrete mineral phases of chalcopyrite within bedding parallel pyrite (Fig. 4c ) account for the high Cu abundance in the black shales, which are also indicative of anoxic, metalliferous depositional conditions (Calvert and Pedersen, 1993) . Minor Te enrichments distributed throughout the sample matrix is most likely associated with adsorption onto organic matter or mineralisation within microscopic pyrite crystals . Average Re/Mo, V/Cr and U/Th ratios of 2.8 (ppb/ppm), 4.2 (ppm/ ppm) and 2.5 (ppm/ppm) respectively and average TOC and TS values of 5.16% and 2.85% respectively are indicative of suboxic-anoxic deep marine deposition for these sedimentary deposits (Crusius et al., 1996; Jones and Manning, 1994 ). An average Mo concentration of 59.3 ppm also indicates intermittent euxinic conditions (Scott and Lyons, 2012) .
Isotopically light δ 34 S values for the black shale pyrite samples, ranging from −35.5 to −8.2‰ (Fig. 5 ) demonstrate substantial isotopic fractionation from the Namurian seawater sulphate average of 15.8‰ (Kampschulte and Strauss, 2004) . This is indicative of pyrite formation through bacterial sulphate reduction under anoxic depositional conditions (Hall et al., 1994) . The trace elements Cd, Co, Mo, Ni and U are all commonly elevated in black shales due to deposition under anoxic conditions (Rimstidt et al., 2017) , though the extent of trace element enrichment has varied through geological time (Large et al., 2019) .
Implications for black shale deposition
The relative crustal enrichments in redox sensitive trace elements, including As, Cd, Cu, Co, Mo, Se, Te and U, in the Irish shales and their lateral equivalents are globally significant as they indicate deposition in a stratified, deep marine basin, which promoted the accumulation of trace elements from waters that were inherently trace element enriched (Large et al., 2019) . This increase in elemental availability in deep marine settings during the Carboniferous is either indicative of higher trace element concentrations in global marine basins at that time (Large et al., 2017 , or at least higher trace element concentrations in isolated deep marine settings (Canfield et al., 2008; Stüeken et al., 2015b ). An increase in global oceanic trace element abundances during the Carboniferous, specifically Se, has been proposed previously (Large et al., 2019) , during which time atmospheric oxygen concentration increased to 20% above present atmospheric levels. Periodic increases Fig. 5 . Sulphur isotope data for Irish shale pyrite and jarosite samples. Reference values given for modern artificial fertilisers (Moncaster et al., 2000) , west Ireland rainwater (Novak et al., 2001) , North Atlantic seawater (Böttcher et al., 2007) and Namurian seawater (Kampschulte and Strauss, 2004) . J.G.T. Armstrong, et al. Applied Geochemistry 109 (2019) 104401 in atmospheric O 2 increased continental weathering rates and the flux of trace elements to the oceans (Campbell and Squire, 2010) . Increased redox sensitive trace element abundances in deep marine deposits have also been observed during other geological periods when atmospheric O 2 concentrations have increased substantially, such as the late Neoproterozoic .
Secondary mineralisation
Trace element mobility and fixation
The surficial precipitate deposits at the four sampled sites exhibit mineralogies and trace element abundances substantially different from those of the associated black shales (Table 1; Fig. 4 ). These deposits, composed of goethite, jarosite, gypsum and detrital quartz, formed by the near-surface oxidation of the pyritic shale, mobilisation of the liberated elements by correspondingly acidic groundwaters and precipitation of oxide minerals at surface under higher pH surface conditions ( Fig. 3) . Goethite, jarosite and gypsum mineralisation are typical near abandoned mining sites where sulphide weathering and oxidisation produces acid-mine drainage (AMD) consisting of sulphates and Feoxides (Acero et al., 2006) . Quartz mineralisation found in the secondary mineralisation is likely detrital, from the underlying black shales, as conditions are not appropriate for the dissolution and precipitation of quartz coeval with oxide phases and in SEM, quartz is present in discrete grains, not layers. The trace element abundances within these oxide deposits can be considered in terms of enrichment factor from the parent shale (Fig. 7) , where values > 1 indicate enrichment of trace elements, while values < 1 indicate depletion of trace elements. The extent of these enrichments is dependent on several factors, including liberation of trace elements from parent shale, mobility of elements in associated groundwaters, mobility of trace elements under surface pH and oxidation (Eh) conditions, and affinity for fixation within oxide mineralisation.
The liberation of trace elements from the parent shale is predominantly associated with the oxidation of pyrite, as this is the primary site of trace element concentration ( Fig. 4; Fig. 6 ). Pyrite is unstable under oxidising conditions, the breakdown of which results in acid production (H + ), which promotes further chemical weathering and commonly results in the formation of AMD (Sheoran and Sheoran, 2006) . Organic matter also becomes unstable under oxidising conditions, the breakdown of which releases any organically bound trace elements (Dang et al., 2002) . Many potentially hazardous elements which are present in pyritic carbonaceous lithologies, including Fe, S, Se, As, Cd, Cu and Tl, can become mobilised under low pH, oxidising groundwaters through the breakdown of pyrite and organic matter (Baruah and Khare, 2010; Xiao et al., 2012) . At surface, the pH of the emergent acidic groundwaters increases by interaction with meteoric water and sea-spray which reduces the mobility of the dissolved elements and induces precipitation of major oxide phases, including goethite and jarosite, with the potential for incorporation of compatible trace elements (Balistrieri and Chao, 1987; Bullock et al., 2017) . In particular, the leaching of Se and As from deep marine sedimentary lithologies and subsequent adsorption onto evaporitic deposits is known to be a pH controlled process (Smedley and Kinniburgh, 2002; Tabelin et al., 2017) , with leaching and adsorption onto goethite generally promoted under lower pH conditions (Jacobson and Fan, 2019) . Trace element fixation is commonly observed at sites of AMD and utilised as a stage in many remediation strategies where Fe-oxide precipitation is commonly promoted through chemical and bacterial processes (Johnson and Hallberg, 2005) . Arsenic fixation during AMD formation of goethite, jarosite and schwertmannite is a well-known and utilised remediation method (Acero et al., 2006; Asta et al., 2009 ).
Compared to average upper crustal values, the following elements are enriched in the secondary oxide mineralisation (Table 1) ; Se (668x), Mo (123x), As (38x), Cd (31x), Cu (20x), U (16.5x), Tl (9.2x), Te (6.8x), V (4.1x), Co (2x), Ni (1.8x). This indicates partial adsorption of these elements onto the oxide phases after leaching, though many of these enrichments reflect high concentrations from the parent shales. Chromium, Pb and Th are not enriched relative to average crust, indicating limited adsorption to Fe-oxides and/or reduced solubility of these elements in the groundwater. This could suggest limited leaching from parent shales, or precipitation of Cr, Pb and Th phases prior to Fe-oxide, due their lower solubility.
Of those elements that are elevated compared to upper crust, As, Cu, U, V, Se, Tl all have enrichment factors > 1 when compared to the parent shales (Fig. 7) . This indicates preferential leaching of these elements from the parent shales and fixation onto oxide phases. Arsenic, Cu and Se are predominantly leached through the oxidation of pyrite in the shales (Fig. 6) , while U and V are most likely sourced through oxidation of organic matter (Breit and Wanty, 1991; Luning and Kolonic, 2003) . Thallium may have been sourced from pyrite or organic matter breakdown (Lipinski et al., 2003) .
An important consideration when identifying elemental enrichments in secondary mineralisation compared to parent shales is the relative depletion of trace elements which may have occurred in the shale formations during surface weathering processes. Considering the exposed locations of the sampling sites and the active leaching of trace elements from the shales, it is possible that the sampled formations are depleted in comparison to their original depositional values. As such, the enrichment factors observed in the secondary mineralisation may be higher than if they were compared to unexposed shale samples at depth. To mitigate this effect, only samples of the least weathered shales were taken for analysis, with sites of active weathering or leaching avoided during sample collection. Where possible, samples were taken from sheltered areas or taken from depth within cliff faces. While this should limit the observed surface weathering of the sampled shale formations, minor depletion of trace elements from the parent shales can not be discounted. The higher than average trace element concentrations observed in the parent shales, specifically those resident in within unstable mineral phases of pyrite (As, Cu, Se) and O.M. (Te, U), suggests that depletion of trace elements was not significant for the samples analysed.
Phosphate substitution within jarosite
Previous studies on mineralisation at Ballybunion have identified numerous occurrences of secondary phosphate and sulphate mineralisation (Francis and Ryback, 1987; Moreton et al., 1995; Rumsey, 2016) associated with the black shales at surface, some of which are unique in the British Isles. Bulk geochemical analysis of the secondary mineralisation at all sites indicate variable, inversely proportional concentrations of phosphate and sulphate at 0.6%-9.1% and 3.5%-29.4%, respectively (Fig. 8a) . XRD analysis indicates that there are no distinct phosphate minerals in abundance within these deposits, despite bulk P 2 O 4 concentrations in excess of 9 wt %, while the sulphate mineral jarosite is a primary component of all deposits. SEM EDS analysis indicates the presence of phosphorus within jarosite (Fig. 4b) , ) within jarosite has been demonstrated under laboratory conditions in other studies, given the similarity in the ionic radii of these two ions, indicating a partial solid solution between a purely sulphatic and a phosphatic phase (Dutrizac and Chen, 2010) . The inverse relationship between total SO 3 and P 2 O 5 concentrations identified in the oxide samples (Fig. 8a) indicates direct substitution of sulphate anions for phosphate within the jarosite structure, though variations in total jarosite content between samples increases the spread of data points. This substitution is here demonstrated under ambient temperature and pressure conditions through precipitation from sulphate and phosphate saturated waters.
S-isotope (δ 34 S) values ranging −21.4 to +7.0‰ for the secondary mineralisation (Fig. 5 ) indicate that the S in the jarosite is primarily sourced from the isotopically light, bacterially reduced sulphides of the underlying black shales (δ 34 S = −35.5 to −8.2‰). The wide distribution of δ 34 S values from the jarosite samples, which are consistently heavier than the corresponding pyritic shale values, indicates a partial sulphate input from isotopically heavier sources, potentially modern seawater or artificial fertilisers (Fig. 9) .
Identification of the phosphate source is more challenging. A significant phosphate source is available from the organo-phosphates within the underlying shales (average 4.18% P 2 O 5 ), though phosphate may also be sourced from modern seawater, artificial fertilisers or meteoric waters. Given the proximity to the coast, groundwaters at all four sampling sites are likely to contain significant concentrations of seawater, suggesting a mixed source for both SO 4 and PO 4 .
Trace element compatibility of oxide phases
Comparison of the most substantially enriched trace elements within the samples of secondary mineralisation reveals significant variations in their concentration.
As (44-468 ppm), Cu (235-1180 ppm) Se (12-184 ppm), Tl (0.1-19.5 ppm) and V (148-847 ppm) concentrations vary by at least an order of magnitude, with no corresponding variation within the underlying parent shales. U concentration (5.86-158 ppm) approximately correlates with variation in the parent shales. When compared to the major oxide concentrations in the secondary mineralisation, increasing concentrations of As and Se correlate with increasing concentrations of P 2 O 5 and correspondingly lower SO 3 concentrations (Fig. 8 b-d ). This suggests a greater compatibility for oxidised trace element species of As and Se within PO 4bearing jarosite, or alternatively an increase in trace element mobility in PO 4 enriched groundwaters. There is no observable correlation between As or Se with the major oxide phase Fe 2 O 3 in the samples, despite a common association of As and Se with goethite and other Fe-oxides in oxidised weathering deposits (Strawn et al., 2002) . The observed spread of data points is likely due to minor influencing factors, including the proportion of mineral phases between samples and the availability of As and Se in groundwaters at each sampling site.
Interaction between PO 4 3− and selenite (SeO 3 2− ) has been identified in biological systems, where PO 4 3− can have a significant effect on overall Se uptake in plant systems, due to the similar chemical properties of PO 4 3− and SeO 3 2− (Liu et al., 2018) . Under synthetic conditions, phosphate anions have been recognised to have a high affinity for adsorption of As and Se species (Balistrieri and Chao, 1987; Jacobson and Fan, 2019) . Furthermore, synthetic laboratory analysis has shown that the anions selenate (SeO 4 2− ), arsenate (AsO 4 3− ) and PO 4 3− can all substitute for SO 4 2− within jarosite, with a complete solid solution occurring with selenate and sulphate end-members (Baron and Palmer, 1996; Dutrizac et al., 1981; Dutrizac and Chen, 2010; Paktunc and Dutrizac, 2003) . The results presented here suggest that phosphate substitution within the structure of jarosite in naturally occurring systems increases the ease for further partial substitution of other similarly sized and charged anions, including SeO 4 2− and AsO 4 3− and others.
This preferential substitution of Se and As into phosphatic oxide phases has potential implications for the design of AMD remediation methods (Asta et al., 2009) . Where the formation of phosphate-rich jarosite can be induced in AMD waters, improved fixation of potentially toxic trace elements may be achieved. The elevated phosphate contents of most agricultural fertilisers could provide a source of dissolved phosphate in many systems already. The negative correlation between Fe 2 O 3 (goethite) concentration and As or Se concentrations of the these deposits in unusual, considering goethite is commonly recognised as a dominant site for As and Se adsorption during AMD formation (Acero et al., 2006; Jacobson and Fan, 2019) . This may relate to the higher pH setting of mineral formation (on sea-cliffs), where adsorption of As and Se onto goethite is less kinetically favourable (Jacobson and Fan, 2019) . Additionally, no correlation between the major oxide phases and Cu, Tl or V are observed, indicating that trace element leaching or fixation of these elements are being controlled by other factors, potentially flow-rate or pH.
Implications for hydraulic fracturing
The Clare Shale and the laterally equivalent Bowland Shale in Northern England have been recognised for their prospectivity as unconventional shale gas resources (Andrews, 2013; Jones, 2012; Martinsen et al., 2017; Yang et al., 2016) . Significant public and scientific concern has been expressed for the potential contamination of land and groundwaters around prospective sites of shale gas extraction (Centner, 2013; Fontenot et al., 2013; Gallazzi, 2012; Osborn et al., 2011; Parnell et al., 2016) , though conclusive evidence of contamination is generally lacking and often disputed (McHugh et al., 2014) . The significant elemental enrichments identified here in the Carboniferous shales and the demonstrated mobility of As, Se, U and other trace elements in natural groundwater could be of environmental concern during and after hydraulic fracturing operations.
The process of induced hydraulic fracturing increases the surface area within hydrocarbon reservoirs at depth in order to increase formation permeability and allow the available hydrocarbons to be extracted more efficiently (Settari, 1980) . In the case of unconventional shale gas extraction, this process is applied to very low permeability, organic-rich black shales. A key concern regarding induced hydraulic fracturing is the potential to alter groundwater pathways at depth, leading to the eventual contamination of ecosystems and drinking waters (Fig. 10) . Most investigations into groundwater contamination from hydraulic fracturing processes are concerned with contamination from chemical additives or produced hydrocarbons. This research highlights the widely overlooked contamination source of element leaching from the in situ black shale bedrock, which is shown in Irish Carboniferous shales to be abundant in many hazardous trace elements, including As, Cd, Se and U. Previous studies have highlighted potential Se and As contamination of drinking waters in regions nearby hydraulic fracturing sites in the Barnett Shales, USA (Fontenot et al., 2013) , though the precise source of the contamination could not be identified. Synthetic laboratory investigations on potential leaching rates from the Devonian Marcellus Shale, USA have found that both saline groundwater brines and injected hydraulic fracturing waters have the potential to leach As, Se and barium (Ba) from the formation under elevated temperatures (Balaba and Smart, 2012; Renock et al., 2016) . Additionally, deposition of the Barnett Shale, a major shale gas target in the USA, was co-eval with that of the Namurian Irish Shales (Pollastro et al., 2007) , suggesting that similar enrichments of hazardous trace elements may occur in this formation.
The elemental enrichments within the Carboniferous black shales of western Ireland and the identified mobilisation of trace elements by associated groundwater make a reasonable analogue for groundwater processes at depth. We suggested that during hydraulic fracturing processes, both nearby groundwater and produced waters could become contaminated through the chemical weathering of black shale formations and subsequent leaching of trace elements. The increased surface area and potential alteration of groundwater pathways after fracturing may result in disruption of the established groundwater equilibrium, as has been observed in mining sites globally (Johnson and Hallberg, 2005) .
Due to the significant depth required for adequate organic maturation and hydrocarbon production (> 2 km), it is likely that any groundwaters present near sites of induced fracturing would be in a reduced (low O 2 ) state (Grenthe et al., 1992) , in contrast to the widely oxidative conditions found near-surface. This could prove to be a mitigating factor in the potential leaching of hazardous trace elements from enriched shales at depth, as this would limit the chemical weathering of O.M. and pyrite by oxygen. However, the routine use of acids during the hydraulic fracturing process, for the purpose of formation dissolution and fracturing widening (Guo et al., 2017; Vengosh et al., 2014) , have a direct chemical weathering effect on shale formations. Pyrite and O.M. are susceptible to chemical breakdown under acidic conditions (Descostes et al., 2004; Li et al., 2010) , which results in a further release of H + ions which can contribute to the weathering process (Johnson and Hallberg, 2005) . While the chemical breakdown and trace element leaching will be slower in a reducing environment than under surface oxidative conditions, it should still be considered as a potential hazard in artificially fractured formations, particularly where acid-induced fracture propagation is utilised. Additionally, under reducing groundwater conditions, the solubility and leaching rates of As increase significantly (Tabelin et al., 2018) , primarily due to the instability of Fe-oxyhydroxide phases which As readily adsorbs to. Cases of dangerously elevated groundwater As concentrations in Bangladesh are associated with highly reducing groundwaters due to increased solubility and limited As adsorption (Zheng et al., 2004) . This could therefore result in increased mobility of As and other trace elements leached from enriched shale formations associated with reducing groundwaters, due to the instability of available oxyhydroxide phases, like those observed at surface in Western Ireland.
Given the findings and implications of this study, it is suggested that waters associated with induced hydraulic fracturing are closely monitored for minor trace element contamination, including As, Se, Tl and U. It is possible that significant contamination may not occur until hydrocarbon production ceases and groundwater equilibrium is re-established, similar to that seen in AMD sites after mine flooding (Johnson and Hallberg, 2005) . It is however possible that the predominantly reducing conditions present at these depths may limit the oxidation and trace element leaching of shale sequences. Remediation of contaminated land or produced waters would be expensive and may need to be considered during planning stages. However, leaching and extraction of critical trace elements during these processes could provide a new resource for these commodities.
Conclusions
Identifying enrichments of trace elements in ancient and modern sedimentary environments is key to understanding wider trace element cycling in the upper crust. The key findings of this work can be split into two categories, with wider implication associated with each; Carboniferous deep marine black shales across the British Isles have consistently elevated concentrations of redox sensitive trace elements; Oxic groundwater precipitates associated with the Carboniferous shales contains elevated, but variable, As, Cu, Se, Tl, U and V concentrations.
Elevated levels of redox sensitive trace elements within Carboniferous black shales indicate:
1. Widespread deep marine basin deposition during the Namurian under prolonged anoxic-euxinic conditions, likely within stratified sub-basins. 2. Trace element concentrations were elevated within global oceans during the Carboniferous, correlatable with the rapid rise in global atmospheric oxygen levels during this time. 3. Increased oxidative weathering of the continental crust may have resulted in a higher flux of trace elements to ocean basins during the Carboniferous and at other times of atmospheric oxygenation.
The observed oxidative weathering and groundwater leaching of Carboniferous shales demonstrates the following:
1. Many trace elements within these deep marine black shales can be mobilised by groundwater under ambient surface oxidising conditions. 2. Leaching groundwaters can form enriched Fe-rich oxide precipitates when exposed at surface. Abundant trace element fixation can occur in areas of secondary oxide mineralisation. This process is very comparable to AMD formation observed at abandoned mining sites.
3. Selenium and As preferentially substitute into partially phosphatic, rather than sulphatic jarosite species or iron oxides in this system. This has implications for AMD site remediation and the identification of secondary trace element accumulations. This finding could result in improved methods of AMD management, through the intentional formation of phosphatic oxide species for selective trace element fixation.
Finally, the demonstrated oxidation and mobilisation of potentially hazardous trace elements from organic-rich black shales has significant environmental implications for the induced fracturing of shales. This work suggests that contamination of produced and natural waters may occur as a result of elemental leaching from in situ black shale formations. The increased surface area of black shales after fracturing could result in increased leaching rates into associated groundwaters, similar to AMD formation from abandoned coal mines, potentially catalysed by the use of acids during the induced fracturing process. Leaching processes could be delayed until hydrocarbon extraction ceases and groundwater equilibrium is re-established, however reduced groundwater conditions may limit the chemical breakdown and leaching of shale formations.
These observations should be considered when evaluating the environmental impact and potential remediation costs associated with elemental leaching during induced hydraulic fracturing. However, with the increasing demand for critical trace elements such as Se, Te and Co, the observed leaching processes could provide a new resource as a byproduct from produced waters. Funding: This work was supported by NERC, UK [grant numbers NE/M010953/1, IP-1631-0516]. AJB is funded by NERC support of the Isotope Community Support Facility SUERC.
